Arousal Mechanisms: Speedy Flies Don’t Sleep at Night  by Birman, Serge
Serge Birman
The idea that the performance of
complex behaviors depends on
arousal levels was formulated fifty
years ago by Donald Hebb [1] in a
landmark paper of behavioral
neuroscience. As Hebb wrote:
“Physiologically, we may assume
that cortical synaptic function is
facilitated by the diffuse
bombardment of the arousal
system. When this bombardment
is at a low level an increase will
tend to strengthen or maintain the
concurrent cortical activity. But
when arousal is at a high level, the
greater bombardment may
interfere with the delicate
adjustments involved in cue
function, perhaps by facilitating
irrelevant responses. Thus there
will be an optimal level of arousal
for effective behavior, as
Schlosberg has suggested”
(Figure 1A). 
In the vertebrate cortex, such a
‘bombardment’ is ensured by
diffuse afferent inputs from
dopaminergic and other biogenic
amine neuromodulatory neurons
[2]. A new study in Drosophila
melanogaster by Ralph
Greenspan and colleagues [3],
reported in this issue of Current
Biology, shows that dopamine
transmission similarly controls
arousal states in the insect brain.
They present evidence that, in
fruit flies as in humans, an optimal
level of arousal and dopamine
release is required to perform
complex behaviors (Figure 1B).
This suggests that general
features of brain functioning
appeared very early in the course
of animal evolution.
The starting point for this study
[2] was a pharmacological
analysis of the lowest state of
arousal — sleep. Sleep appears to
be a common feature in brain-
endowed animals. But nobody
knows for sure why this
unconscious state of rest is
essential for life, and what exactly
its physiological function is at the
cellular level. Even smaller
animals, like the fruit fly, sleep for
many hours in a day [4–6],
principally during the night for this
species. Drugs that reduce sleep
need in humans also affect sleep
in Drosophila. This is the case for
caffeine [4,5] and the wake-
promoting agents modafinil [7]
and, as shown now by Andretic et
al. [3], methamphetamine. 
Methamphetamine is a potent
psychostimulant, commonly
named ‘speed’ and too widely
used among college students.
Long-term use has dramatic
consequences, including
addiction, tolerance, dementia-
like behavior and brain damage.
Methamphetamine acts principally
by increasing dopamine release
and preventing its reuptake into
cells, thus strongly enhancing the
effects of the neurotransmitter on
target cells. Although the
mechanism of action of modafinil
is less clearly known, this drug
may also interfere with dopamine
transmission [8]. 
Feeding methamphetamine [3]
or modafinil [7] to flies decreased
both their sleep bout and
cumulative sleep durations.
Conversely, pharmacological
inhibition of dopamine
biosynthesis led to a narcoleptic-
like behavior, with the flies
spending a lot more time than
normal sleeping during the day
[3]. These observations point to
an important role for
dopaminergic signaling in fly
arousal.
Sleep-deprived flies feel
increased need for rest and tend
to sleep more the next day [4,5,9].
This homeostatic regulation is
characteristic of sleep in all
animals. They also show reduced
performance in behavior tests and
heightened arousal thresholds.
Andretic et al. [3] found that, in
flies as in humans, sleep
deprivation did not abolish the
wake-promoting effect of
methamphetamine: instead,
methamphetamine feeding
partially suppressed the need for
sleep and rebound following rest
deprivation. 
A recent mutagenesis study in
Drosophila [10] identified several
short-sleeper lines as well as lines
that show no sleep rebound after
rest deprivation. One of the
strongest phenotypes turned out
to be caused by a loss-of-function
mutation in Shaker, a gene
encoding a voltage-dependent
potassium channel. Lack of
Shaker is known to increase
neuronal excitability. In light of the
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Flies Don’t Sleep at Night
Alertness and behavioral performance depend on an animal’s level of
arousal. In vertebrates, reinforcement and maintenance of arousal in
the cortex are ensured by diffuse inputs from neurons releasing
biogenic amine neuromodulators. Fruit flies similarly use dopamine for
arousal control, indicating an ancient evolutionary origin of this
essential feature of the functioning brain.
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new work of Andretic et al. [3],
one possible explanation might be
that the lower sleep drive in
Shaker mutants results from
increased firing of the
dopaminergic neurons.
Insects can repeatedly perform
complex behaviors whose pattern
is innate or instinctual, but they
are not ‘robot-like’ animals [11]:
when awake, they can learn and
adapt their behavior to their
context. They can also direct
selective attention to relevant
environmental stimuli. Impressive
recent studies by Ralph
Greenspan, Bruno van Swinderen
and colleagues [12–14] identified
an electrophysiological correlate
of visual selective attention in
Drosophila by extracellular
recordings of local field potentials
in the medial brain between the
mushroom bodies, a neural
structure involved in locomotor
and memory control. Brain activity
between 20 and 30 Hz was found
to increase in response to salient
visual stimuli and to be
independent from the fly’s own
movements. This neural activity
manifests increased alertness to
novel or selected visual stimuli —
increased arousal or vigilance.
Interestingly, dopamine
transmission again appears to be
crucial in controlling visual
attention in Drosophila. Inhibiting
dopamine release genetically with
the shibire method impaired both
visual fixation [3,15] and the
20–30 Hz brain response to salient
visual stimuli [3].
Methamphetamine administration
was found to rescue the 20–30 Hz
response in situations where
dopamine transmission is
inhibited, confirming that the drug
enhances dopamine transmission
in flies. Paradoxically, in control
methamphetamine-fed flies — in
which dopamine release is not
inhibited — the 20–30 Hz
response was found to be
significantly reduced [3], implying
a deleterious effect of the drug.
This shows that
methamphetamine can either
increase or decrease the
response to visual salience,
depending on the background
level of dopamine activity in the
animal. 
Normal expression of the
20–30 Hz neural activity in
Drosophila thus depends on an
optimal level of released
extracellular dopamine in the
brain (Figure 1B). As pointed out
by Andretic et al. [3], these results
strikingly remind one of the
hypothesis of an inverted U-shape
curve for dopamine action in the
prefrontal cortex [16–18]. (The
prefrontal cortex is the brain
region implicated in selective
attention in mammals and
humans, and prefrontal dopamine
release is required for this
cognitive function.) Here again,
the same concentration of
amphetamine either enhanced
cognitive performance for
subjects with low prefrontal
dopamine, or caused deterioration
in subjects with high prefrontal
dopamine.
Another major effect of
methamphetamine administration
observed by Andretic et al. [3]
was a decrease in correlation
between general brain neural
activity and fly’s own movements.
Apparently then, the
Figure 1. Brain activity and behavioral performance depend on arousal level in flies
and humans. 
(A) The original figure, redrawn with slight modifications, from Hebb’s article [1], depict-
ing how, according to his hypothesis, the arousal level affects cortical ‘cue’ function
and behavior reactions in humans. (B) The same curve fitted to results of Andretic et al.
[3] in Drosophila. According to these authors, dopamine transmission affects the level
of arousal from sleep to behavioral disturbance. The 20–30 Hz brain activity recorded
in response to salient visual stimuli, a neural correlate of selective attention, decreases
when dopamine signaling is either too high or too low. Dopamine transmission has to
be finely tuned in fly brain to ensure optimal attention level, behavioral responses and
learning.
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methamphetamine-fed fly was
less ‘attentive’ both to visual
perception and proprioceptive
stimuli. Methamphetamine-fed
flies also showed decreased
latency in courtship, but lower
rate of copulation success.
Possibly, methamphetamine-fed
flies are more easily aroused by
sexual stimuli but prevented from
accomplishing the complex task
of copulation because the level of
dopamine transmission (or
arousal) is too high (Figure 1B).
Similarly, in men,
methamphetamine increases the
libido but in the long-term is
known to lead to decreased
sexual functioning. Highest levels
of arousal could not be induced
by methamphetamine ingestion in
flies but might correspond to the
spectacular hyperactive and
stereotyped behaviors triggered
by volatilized cocaine [19],
another potent antagonist of
dopamine reuptake.
Fine tuning of dopamine
release thus appears essential for
many aspects of brain functioning
and behavioral control in
Drosophila — sleep, visual
attention, sexual behavior and
learning [3,15,20] — as in
humans. Diffuse innervation of
different brain regions by the
same subsets of dopaminergic
neurons would lead to increased
coupling or coherence between
the neural activity of brain centers
involved in the realization of
complex tasks, thus improving
arousal or vigilance [11,13]. Too
high an arousal level, however,
could be detrimental. On the right
side of the curve (Figure 1B),
abnormally intense dopamine
signaling would recruit additional
unnecessary neural circuits, thus
blurring the accurate signals
required to perform complex
behaviors.
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